Increasing crop yields is a priority task in the general paradigm of increasing the profitability of agro-industrial production. This indicator is mainly influenced by the quality of sowing operations, technological operations and machinery involved in the process. It is important to place seeds at the boundary of two soil layers: the lower wet layer to ensure faster root emergence, and the upper loosened layer for supplying oxygen and moisture volatility reduction.
During surveys made in six different fields of Nizhny Novgorod Region during sugar beet sowing, it was revealed that up to 8% of sown seeds remained unburied. This is primarily due to poor quality of pre-sowing soil tillage and imperfection of working parts of sowing machines. In this context, there was a need to develop a seed sowing technology and a plating unit for independent furrowing with subsequent creation of seedbed with densified bottom and walls to ensure an increase in sowing precision. Furthermore, the unit should loosen the lifted soil layer and then lay it back into operating space.
Improving the quality of sugar beet sowing and reducing its energy costs at the same time is an actual problem.
Many researchers have been engaged in solving the problem of planting crop seeds to a strictly defined depth. Importance of precision sowing has been closely observed in works by Upadhyaya and Gowda (2017) , Azad et al. (2011) . Automation of the depth regulation process has been described by Finnish scientists Suomi et al. (2009) , who proposed a mechanism for regulation of sowing depth, as well as its gauging system. A group of scientists (Adamchuk et al., 2004) proposed a new machinery design using modern tools to obtain a high qualitative level of operations and to maximize harvest potential. Sudduth et al. (2003) studied the possibility of using a system of sensors for reading of soil electrical conductivity in order to further improve the sowing quality by determining the agronomic parameters of the processed material (soil). In addition to the precise placement of seeds and high-quality soil preparation, it is necessary to take into account sowing time, which is an important issue according to Benoit et al. (2015) .
The issues of profitability increasing of agricultural production have also been considered by multiple scientist (Leea et al., 2010; Suomi and Oksanen, 2015; McBratney et al., 2004; Stone et al., 2008; Skuriatin and Bondarev, 2008 ).
An equally important role is played by research aimed at improving agro-technical parameters of sugar beet cultivation, speed modes (Ermakov, 2013; Repetov and Ermakov, 2012) , sowing depths and precision sowing (Kosolapov et al., 2016) , as well as technological modes (Bulgakov et al., 2017 Research relevance is determined by the need of agricultural producers of Nizhny Novgorod Region to increase the profitability of sugar beet cultivation and to reduce seed losses at sowing. Another important factor is optimal energy efficiency of sowing machines, which can be achieved by reducing the draft force input required to operate the working parts. Leading approach to the research of this issue is to conduct a multifactorial laboratory experiment, taking into account several factors that have the greatest influence on the process of interaction of working parts with the soil. Virtual simulation methods were applied with use of Computer-Aided Engineering (CAE) FlowVision®(TESIS Group) engineering analysis system, allowing creation of close-to-real controlled conditions. Relationships between the lift angle and the span angle of a duckfoot opener were identified; influence of soil moisture content, speed of working parts and their working depth on draft force input and quality of the formed seedbed was determined with justification of their optimal combination. Presented technology and the planting unit assure the technological process quality, they are of practical value for agricultural and engineering companies, as well as for research institutes for design of modern agricultural machinery. Covering of seeds by loosened soil prevents evaporation of moisture and provides seeds with air at the same time, what also has a favourable effect on their germination. Soil under the seeds quickly restores its capillary structure, contributing to early root emergence and an increase in the uniformity of field germination.
In the course of theoretical calculations, geometry variation limits of the planting unit working parts were identified, on the basis of which virtual test models were created (Skorokhodov and Kosolapov, 2013) .
In order to confirm theoretical research, as well as to reduce the number of laboratory tests, finite volume method of FlowVision® software package was proposed.
To solve the stated issues, we applied the method of numerical solution to the continuous media dynamics equation presented by Mudarishov et al. (2008) .
Advantage of this method lies in the complete isolation of the tested virtual model from external factors with regards to provision of identical conditions for all types of working parts and visual observations in question.
We designed working part models for the planting unit using the SolidWorks® (Dassault Systems) 3D CAD system. According to theoretical calculations, the following wedge face angles faces were subjected to change: angle of crumpling βdf, span angle of the cutting edges γdf, and lift angle (angle of attack) αdf. Kosolapov (2013) showed that pressure exerted on the surface of a dihedral wedge will decrease with decreasing of the aforementioned angles in relation to the seedbed.
Work by Kurdyumov et al. (2015) was taken as a basis for determining the optimal variation limits in the design parameters of the working part, as well as in technological parameters of the medium being treated.
Therefore, we can distinguish the following research objectives: 1. to carry out a virtual research of the designed working part in order to obtain graphical and numerical dependencies of its interaction with the processed environment; 2. to determine optimal geometric parameters of the duckfoot opener with the subsequent manufacturing of the prototype in its actual size; 3. to conduct laboratory tests in order to obtain optimal operating parameters of the unit.
The first research stage is virtual simulation. Process of virtual modelling was carried out using FlowVision® CAE system, in which a design area was completely simulating the actual tillage bin. Designed models were imported into the design area with a possibility to vary the depth of their immersion relative to the separated media, as well as velocity and density of the processed material. We assigned mathematical equations characterizing the considered material, as wells as boundary conditions for the surfaces of the working parts. For the modelling, subsequent calculation and visualization of the ongoing processes, volume of fluid (VOF) method for tracking the free surface motion was used;
To improve the quality of sugar beet planting, the authors developed a modernized soil opener mechanism; its novelty is confirmed by a utility model patent no. 118 163 (Kosolapov et al., 2016) .
A planting unit ( Fig. 1 [9] . The unit is fixed to the frame of a drill seeder [10] using a parallel link mechanism [8] . Design of the planting unit can be modified to ensure simultaneous mineral fertilization during sowing (Kosolapov et al., 2016) .
Proposed design should provide the sowing technology, novelty of which is confirmed by the patent for invention no. 2494595 Method for Row Crops Planting (Kosolapov et al., 2016) , which minimizes the influence of pre-sowing soil preparation quality, and partially relinquishes the use of this operation in the future. Technological process includes: opening the furrow to the base depth (Fig. 2a) -soil is not compacted, but thrown out towards the sides along the row, creating a relatively flat surface without lumps and retaining the capillary structure; formation of the groove up to the sowing depth (Fig. 2b) , soil crumbling due to its compacting next to the groove is avoided by densification of its bottom and walls; planting seeds along the groove (Fig. 2c) ; furrow closing with the loosened layer of soil (Fig.  2d) ; surface compaction ( Fig. 2f ) in order to increase the area of seed-to-soil contact. During the laboratory tests, the following parameters were measured: draft force input for the unit; distance covered by the working part; unit speed, depth of the working part; furrow profile, moisture content and density of soil.
The experiments involved: tillage bin -a laboratory installation of the Agricultural Machinery Department of Volgograd State Agrarian University; 1m long metal ruler (according to GOST 427-75 for determining the linear dimensions); boxes (according to GOST 23932 for soil sampling); SHSU drying cabinet for drying samples; electronic scales VST 300/10; SM200 soil moisture sensor turbulence equations were disabled; vortex, compressibility and surface tension equations were not taken into account (Kosolapov et al., 2016) .
A calculation grid consisting of 384,670 cells was superimposed on the design area and model, while the second level adaptation was applied to the boundaries of the working part surface to increase the calculation accuracy of the parameters being read.
As the criteria for assessing the performance of the duckfoot opener, we adopted the parameters that make it possible to obtain a values of the pressure exerted on the surface of the wedge, pressure in the volume of the working medium, trajectories of soil particles, etc. (Fig. 3) .
Analysis of the obtained results was carried out using the FlowVision® post-processing software tools, based on the analysis of data created in the super-groups and 'phase volume'-space layers, 'colour contours'-pressure, 'isolines'-pressure, etc.
In this case, main evaluation parameter was the pressure created inside the soil medium and directly exerted on the wedge surface.
Calculation was carried out in a vertical longitudinal section at a distance of 40 mm from the opener line of movement.
For statistical analysis of the results obtained, Portable Statgraphics Centurion® 15.2.11 (Statpoint Technologies, Inc.) software package was used (specifically for calculation of regression coefficients and their significance determination, validity checks of models and plotting of response surfaces).
Before the simulation, an experimental factor matrix was compiled, where x 1 represents the lift angle and x 2 represents the span angle of a duckfoot type furrow opener. We adopted the dynamic pressure P and the quality of seedbed formation K as the optimization criteria.
The second research stage is the laboratory tests. For laboratory research, a prototype of the planting unit with the considered working parts was created.
Laboratory research was carried out using a specialized laboratory installation (Figs. 4a and 4b produced by Delta-T Devices Ltd. for direct measurement of soil moisture; DPU 5-2 dynamometer for determination of draft force input.
We performed comparative tests of the proposed design of duckfoot type furrow opener with a production version of chisel type furrow opener. For making accurate measurements, proposed duckfoot type furrow opener and the production chisel type furrow opener were alternately placed on the same planting unit (Fig. 5) .
During the formation of the sowing bed, the considered working part was to ensure an optimal and uniform planting depth and density of soil at the furrow bottom, as well as to retain soil moisture after the furrow was covered with soil layer.
Technique for planning the experiment was based on Box-Behnken non-positional plan.
To optimize the parameters and operating modes, we adopted the Mathematical Theory of Optimal Experiment.
Based on a priori ranking, the most significant were the following factors: 1. operating speed of the unit v, m·s -1 , selected limits were limited by the technical capabilities of the laboratory stand -from 2 to 12 km·h -1 (from 0.55 to 3.33 m·s -1 ); 2. working depth of planting h, mm, it was selected according to the technological requirements for the cultivation of sugar beet, h = 3-7 cm; 3. soil moisture content W, %, it was selected within the range of 15-35% ± 4%.
The average values of draft force input for the planting unit as the criterion for quality assessment were taken. This criterion is universal and allows for estimation of energy costs that arise during operation of the planting unit, as well as the stability of furrow formation process, estimated by linearity of furrow, and the working depth factor, determining the quality and stability of planting:
( 1) where: h w -working depth of planting determined by the depth wheel, m h m -actual depth of planting measured after the experiment, m
On the basis of the aforementioned, a matrix of factor variation (Table 2) was created. When using non-composition plans of the second order (Box-Behnken, Hartley, etc.), the factors can be of three levels: upper (+1), main (0) and lower (-1).
Number of experiments, as a rule, is determined by the equation:
where: m -number of factors
In order to obtain regression equations, we used Portable Statgraphics Centurion® 15.2.11.0 software package to process the data. Obtained graphical dependencies were recorded in the form of response surfaces and their 2D cross sections, as well as regression equations corresponding to these surfaces.
On the basis of results from virtual experiment, we obtained regression models describing the influence of the considered factors on the optimization criteria.
In the first case, in determining influence of the factors on pressure, we obtained the following regression equation (with a 95% confidence level) after excluding insignificant coefficients: P = -1,569.44 + 14.4444x 1 + 47.5x 2 -0.481481x 1 2 + + 1.0833x 1 x 2 -0.395833x 2 2 (3) Validity of the obtained R 2 model approximation is 97.49%. For graphical analysis of the regression model, we created a 3D response surface model to determine the influence of the factors on the optimization criterion P. It can be seen that an increase in P criterion occurs with increasing x 1 and x 2 factors, which can be explained by an increase in the vertical component of pressure (Fig. 6) .
Analysing the influence of these factors on the unobstructed seedbed optimization criterion with a 95% confidence level, the regression equation can be written as:
fig. 5
Planting unit with a duckfoot type furrow opener (left) and a production chisel type furrow opener (right)
In regards to aforementioned conditions, we selected an acceptable geometry of the opener in question by reducing the received response surfaces to a 2D section of the model (Fig. 9) . Validity of the obtained R 2 model approximation is 98.01%. For graphical analysis of the regression model, we created a 3D response surface model to determine the influence of the factors on the optimization criterion K. It can be seen that an increase in K criterion, i.e. an increase in the number of particles trapped in the working zone of press wheel, occurs with decreasing x 1 and x 2 factors (Fig. 7) .
Visualization and analysis of the processes occurring in the working environment during the duckfoot opener movement were performed along cross sections in vertical and horizontal planes -along the length and height of the opener (Fig. 8) . Results show that the smaller the opener lift angle, the lower the dynamic pressure exerted on its working surface; therefore, at angles of 60° and 80°, the pressure was equal to 3,985 Pa, and at the minimum angles -1,087 Pa, respectively.
Considering the virtual test results, it is possible to recommend the following values of the considered factors: lift angle (x 1 ) of 40-45°; span angle (x 2 ) of 60-70°. In such manner, it is possible to obtain the average pressure value from 2.0 to 2.5 kPa, at which 15-20% of soil particles are trapped at the bottom of the furrow.
Photo and video materials (Fig. 10) , as well as numeric data from the measuring equipment were obtained from performed laboratory research.
As a result of the experiments, we obtained graphical representations of influence of the aforementioned factors on draft force input in form of response surfaces, 2D sections, regression equations and their subsequent analysis.
When determining influence of the factors on draft force input, after excluding insignificant coefficients, we obtained (with a 95% confidence level) the following regression equation: R = 25.5639 -5.82667x 3 -0.094x 4 -95.5x 5 + x 3 2 + + 0.133333x 3 x 4 + 100.0x 3 x 5 + 0.0075x 4 2 + 2.5x 4 x 5 + + 3,125.0x 5 2 (5) Coefficient of variation of the obtained regression equation is 0.9249. Analysing the obtained response surfaces (Fig. 11) , it is possible to trace an increase in dynamics of draft force input with increasing soil moisture content x 4 and seeding depth x 5 , which can be explained by an increase in the coefficient of friction and an increase in the contact area between the wedge working surface and soil. In this case, main influence is stipulated by soil moisture content. A change in the working depth does not significantly influence the draft force input for the working part up to a depth of 0.05 m, but with increasing depth values, the processes characteristic for working parts of subsoil broadcast sowing begin. With an increase in the opener unit working speed over 2.5 m·s -1 , there is an increase in the draft force input and in the energy with which soil particles are thrown away from the longitudinal axis of the opener.
Conclusion
Summarizing the research results, we can draw the following conclusions: 1. On the basis of obtained theoretical calculations and results from virtual research, a test piece for the proposed planting unit was created. 2. In terms of results of virtual tests, optimal values for the inclination angles of the duckfoot type furrow opener were obtained. These are: lift angle α df -40-45°; span angle γ df -60-70°. 3. We performed laboratory tests, which made it possible to determine relationships of draft force input versus soil moisture content, working depth, and speed. Optimum level of soil moisture content for sowing is within the range of 18-23%. Unit speed at a 23% moisture level should not exceed 2.5-3 m·s -1
. With an increase in sowing depth by more than 0.05 m, speed of the planting unit should not exceed 2.0-2.5 m·s -1 . In the course of comparative tests, we observed a 20-25% decrease in draft force input for the proposed duckfoot type furrow opener compared to chisel type furrow opener. This allows utilization of the considered opener in terms of increasing energy efficiency, substantiating the need of its field testing.
Obtained results can be used by agricultural and engineering companies engaged in the production or modernization of planting units, as well as R & D institutes for development of modern agricultural machinery.
The further research will be aimed at increasing the number of regions for possible implementation of the considered unit, taking into account physical and mechanical properties and composition of soils.
It is planned to modernize design of the planting section with inclusion of mechatronic components and automatic soil analysis systems. abbreviations GOST -state standard SHSU -universal drying cabinet VST -fixed scales DPU -universal spring dynamometer 
